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Abstract In this paper the N — 1 nonlinear modal
interactions that occur in a nonlinear three-degree-of-
freedom lumped mass system, where N = 3, are
considered. The nonlinearity comes from springs with
weakly nonlinear cubic terms. Here, the case where all
the natural frequencies of the underlying linear system
are close (i.e. wy1 : Wp2 1 :1)is con-
sidered. However, due to the symmetries of the sys-
tem under consideration, only N — 1 modes interact.
Depending on the sign and magnitude of the nonlin-
ear stiffness parameters, the subsequent responses can
be classified using backbone curves that represent the
resonances of the underlying undamped, unforced sys-
tem. These backbone curves, which we estimate ana-
lytically, are then related to the forced response of the
system around resonance in the frequency domain. The
forced responses are computed using the continuation
software AUTO-07p. A comparison of the results gives
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1 Introduction

Understanding the effects of modal interactions of cou-
pled systems of nonlinear equations is an important
step in being able to predict the subsequent dynamic
response of the system. In this paper, we consider
a three-degree-of-freedom (3-DoF) lumped mass sys-
tem with cubic stiffness nonlinearities. In particular we
consider the potential forced responses that can occur
by analysing the backbone curves of the underlying
undamped, unforced system. The justification of this
approach lies in that the vast majority of engineering
structures is characterised by low level of damping.
This implies that their dynamical behaviour is largely
determined by the dynamics of the associated Hamil-
tonian system [10].

The motivation for this study is the possibility
for modes, in multi-degree-of-freedom nonlinear sys-
tems, to interact with each other [17]. These types
of modal interaction have been previously studied
because they are often related to unwanted vibration
effects in engineering structures [16]. The majority of
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Fig.1 A schematic
diagram of the in-line

3-DoF oscillator system
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the existing literature is for undamped, unforced sys-
tems, and includes structural elements such as beams,
cables, membranes, plates and shells—see for exam-
ple [1,15,27]. Several different analytical and numer-
ical approaches have been used to approach this type
of problem, such as perturbation methods [18], non-
linear normal modes [13,22,23,25] or normal form
analysis [2,11,21]. The majority of work in the liter-
ature on modal interaction is based on 2-DoF nonlin-
ear systems where two modes interact, see for exam-
ple [3,5,8-10,13,29], although for continuous systems
higher numbers of modes can typically be retained in
the approximation, see for example [24]. Some work
has been carried out on 3-DoF lumped mass systems
in the context of nonlinear vibration suppression [12].

In a system with N modes, it is possible for response
solutions to exist in which some (i.e. N —i > 2)and/or
all N of the modes interact. In this paper, we consider
the case where this type of N — i modal interaction
can occur. More specifically, the case where N = 3 is
analysed, i.e. only two (i.e. N — 1) modes can interact.
To do this we have chosen a specific configuration of
an in-line 3-DoF nonlinear oscillator with small forc-
ing and light damping. Due to the structural symme-
try, one of the modes of this system is linear and the
other two modes are nonlinear. So even though all the
modal natural frequencies are close, the linear mode is
not coupled with the other two. Hence the study of the
3-DoF system is reduced to the modal interaction of
two coupled modes. Our analysis follows the approach
developed by [3,9] to consider nonlinear modal inter-
actions of a 2-DoF nonlinear oscillator. However, the
effects of two modes interacting in this 3-DoF system
has subtle differences from those described in the pre-
vious literature. This will be explained in Sect. 4.

The paper is structured as follows. In Sect. 2 we
describe the configuration of this in-line oscillator.
Then, we apply a normal form transformation method
to the 3-DoF system to obtain its potential backbone
curves expressions. In Sect. 3 the backbone curves of
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the system with the hardening nonlinearity are com-
puted. These curves are then used to infer the dynamic
behaviour of the system, which in turn can be used to
interpret the forced, damped behaviour. In the Sect. 4,
the backbone curves of the system with softening non-
linearity are presented. Lastly, the stability of the back-
bone branches are analysed and their relation with the
forced response are shown. Conclusions are drawn in
Sect. 5.

2 System description and analytical method
application

The example system considered here is shown in
Fig. 1. It consists of three lumped masses which are all
grounded via linear springs, k, and viscous dampers,
c. The mass in the middle links the two masses at two
sides via the linear viscous dampers, ¢/, and the cubic
nonlinear springs. The elastic force characteristics of
these nonlinear springs is F = k'(Ax) +« (Ax)3. Each
of the masses is harmonically forced at the same fre-
quency, §2, and at the amplitude, P;. The equations of
motion for this system are written in the form,

Mx + Kx + N, (x, X) = P, cos(£21), (D)

where x, X and X are the physical displacement, velocity
and acceleration vectors, respectively. K is the linear
stiffness matrix, Py is the external force amplitude vec-
tor and N, (X, X) contains the nonlinear and damping
terms which are assumed to be small. Their expres-
sions are,

k+k =k 0 P
K=| -k k+2t —k |, .= (p].
0  —k k+k Py
and
c+c = 0
N,=| - ¢c+2d - |x+«
0 — c+
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(x1 — x2)°
(x2 —x1)* + (x2 — x3)°
(x3 — x2)°

To proceed, the second-order normal form method is
applied to approximately solve the equations of motion
of this system. First, in order to decouple the linear
terms, the linear modal transformation is applied to
Eq. 1 to obtain the linear modal decomposition equa-
tions in terms of the new modal state q = {g1 g2 ¢3}7
as,

4+ Aq+Ny(q, q) =P, cos(£21), (2)
where A is a diagonal matrix of the squares of the
corresponding linear natural frequencies a)gl =k/m,
w2y = (k+k')/m and w25 = (k + 3k")/m. N is the
vector containing the damping and nonlinear coupling
terms,

20n18141 0
Ny = [ 20004 | +1 | 63 +279:43 |, 3)
2w,383G3 993q3 + 2743

where . = k/m, 2wy 181 = ¢/m, 2wy080 = (c+c')/m
and 2wy383 = (¢ + 3¢’)/m. In the modal coor-
dinates, the external force amplitude vector, P, =
{Pn1 P2 Pm3}T’ is

L [22 2
P,=0"'M'P,=— 130 =3P, )
M2 1

where @ is the matrix of the linear modeshapes. Here
the modeshapes used for the linear transformation are
{1, 1, B7,{1, 0, =137 and {1, —2, 1}7 for the three
modes, respectively.

Then, the forcing transformation, q — v, is sup-
posed to be applied to remove the non-resonant forcing
terms. Here we assume that the system is forced near
resonance, this allows us to set ¢ = v. Substituting this
into Eq. 2 gives,

V+ Av + N, (v, v) = P, cos(£21), ®))
where Ny (v, v) = Ny(q, qQ) and P, = P,.

Lastly, applying the near-identity nonlinear trans-
form v — wu to Eq. 5 by using v = u + H(u, u) gives
the equation,

i + Au + N, (u, 1) = Py cos(£21), (6)
where P, = P; and N, = n,u* includes only the
nonlinear resonant terms responding at the fundamen-
tal frequency of the corresponding modes. Here u and

H(u, u) used in the transformation are the fundamental
and harmonic components of v, respectively. Substitut-
ing v; — u; = u;p+u;y into Eq. 3 in v gives the func-
tional form of the u* vector and the coefficient matrix
n, so that N, = n,u* as below, where the subscript i
represents the i™ linear mode.

Then the homological equation is used to compute
a matrix, 3, for determining the resonance terms in the
near-identity transformation [21]. The individual ; ;
terms, can be computed using,

2

N
Bii = |:Z {(snpl - Snml)wrn}:| - wzp (7
n=1

where the subscript / denotes the /™ term of u*, writ-
ten as u;“ and sppj and sym) represent the power indices
of unp and uyy of the term uj, respectively. Finally the
variable, r, that describes the ratio between the response
frequencies of mode 2 and 3, i.e. r = w;3/w,2, 1S intro-
duced, so that for the example considered here B is,

ﬁp 0 1 0 ]
Uz pU2m 0 3 0
u2p3, 0 3 0
”2m2 0 1 0
uzptty, 0 27 0
U2 pU3pU3m 0 54 0
uz,,u32m 0 27 0
U2mU3, 0 27 0
U2 U3 p U3y 0 54 0
uzzmu%m 0 27 0
U3 ,U3p 0 0 9
U2pU2mu3p 0 0 13
. U3, u3 T_ o 0 9
W= u§:u3: M =R 0 9 ’
U2pU2mU3m 0 0 18
ugm,”m 0 0 9
u3, 0 0 27
M%pu3m 0 0 81
u3pu%m 0 0 81
0 0 27
Uz, .
Ulp Jm 0 0
Uim -jm 0 0
Uzp g _1.772 8
. jma 0
usp 0 0 ]'773
L wsm 0 0 —Jjn]
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— 8 —
— 0 —
— 0 —
— 8 —
— 42 4+r) -
— 0 —
— 4@ —r) -
— 402 =7 —
— 0 —
— 4% +7r) —
— = 40+
- - 0
T - - 41-r)
Br=onl_ _  4a-n|
- - 0
— 41 +7r)
_ _ 8}"2
- - 0
- - 0
- - 8r?
0 — —
0 — —
— 0 —
— 0 —
- - 0
__ - O -

where 7; = 2wy;¢i/u and in B, a dash indicates that
the value is insignificant since the corresponding coeffi-
cient in n, is zero. The zero terms in  represent uncon-
ditionally resonant terms which have to be retained in
N,,. Furthermore, there are also additional condition-
ally resonant terms which are potentially set to zero
depending on the value of r. For example, r = 1 will
lead further zero terms in 3. For all the terms for which
B = 0, the corresponding terms in n, are set equal to
those in n,,.

The modal interaction case considered here is when
wpl - wp2 - w3 ~ 1 :1: 1. This allows us to assume
all modal fundamental response frequencies are at the
forcing frequency, i.e. 2 = w,1 = w2 = w,3, such
that » = 1. Therefore, the terms in column 2, row 7 and
8 and column 3, row 13 and 14 in B become zero and
the resulting dynamic equations of u; are,

i1+ 2wn1810 + @2 Uy = Py cos(821), (8a)
i 4 2wp00000 + wlyur
+3u I:(u%puz,n + uzpu%m)

+18 (u2pu3pu3m + uZmu3pu3m)
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+9 (uzmu%p + ugpu%m)]
= P,n cos(£21), (8b)
i3 + 20383113 + w2u3
+9u [9(u§pu3m + u3pu§m)
+ 2(uapuomusp + u2pU2mUsm)
+ (uép%m + u%musp)]

= P,3cos(£21). (8c)

Substituting u;, = (U;/2) e/ 1=%) and u;, =
U;/2) e~/ E21=4) where U; and ¢; are the funda-
mental response amplitude and phase of the i mode,
respectively, into Eq. 8 and balancing the coefficients of
e/" and e~/ we obtain the time-invariant equations
for the forced response of the system,

[@ -2+ coma?| vl = P2,
2 2 3K o 2 :
Onp = 27+ (U + (18+9p)U3)
+ (2wn2§29)2] U; = P2,
2 2 2 2 :
Wiy — 2%+ T(9U3 + Q2+ p)Us)
+(2wn3;39)2] U} = P, 9)

where p = /219270 The | — ¢3| term represents
the phase difference between mode 2 and 3.

To obtain the backbone curves, the unforced,
undamped system needs to be considered. Therefore,
by setting the damping and external force to be zero,
ie. ¢ =0and P,; =0, 1in Eq. 9 gives

- Qz—f—wﬁl}Ul =0, (10a)

Y 2 3 2 2 _
Q%+ wp + G (U + (8 +9p)U3 | | U2 =0,

(10b)

9
— 2+l u fovt+ 2+ p)Uzz}] Us = 0.
(10¢)

Then successively setting (U, and Uz), (U; and Usz)
and then (U} and U») to zero for Eq. 10 results in three
single-mode backbone curve solutions labelled S1, S2
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and S3 Substituting p = —1 into Eq. 14 gives the response
amplitude and frequency relationships,
Sl: U #0,U,=Us=0, 2°=w;, (11 o,
+ 2 _ 2o —w3) 2
S2: Uy #0,U =U3=0, §5%: Uy = T—9U3, (18a)
3
02 = a),2,2 + Z,uUzz, (12) o2 _ 3a)32 - a)53. (18b)
S3: U3 #0,U; =U, =0, 2
5 5 81 5 From inspection of Eqs. 16a, 18a, it can be seen that,
0 = w3+ IMU3 : (13) since w3 > wpy, the sign of  must be negative for the

Further observing Eq. 10, it can be seen that mode 1
is linear and not coupled with the other two modes,
while modes 2 and 3 could potentially interact with
each other. This modal interaction is also affected by
the value of p. If u; and u3 are both present, i.e. Uy # 0
and Uz # 0, Eq. 10b and 10c can be rearranged and
set equal, so that

3
2 = ol + S0 [v?+as+9pu3)
2 9 2 2
= opy + o {oUi + 2+ pUR}. (14)

To ensure Eq. 14 isreal, the phase difference terms need
tobe, p = +1. Here, p = 1 and p = —1 represent the
in-unison and out-of-unison resonances, respectively.
A detailed discussion describing how the value chosen
of p and the corresponding resonant types can be found
in [3,9]. Firstly, by setting p = +1 yields two extra
backbone curves, labelled S4 and S4~, with the phase
difference

S4% 1 ¢ — 3 = 0, S47 ¢ | — 3l = 7, (15)

and their corresponding backbone branch expressions
are same and given as,

)

s4t: UF = —wnzéuw%, (16a)
9wy — w2y 81

92 — a)n28 a)n3 + Z/LU?? (16b)

The case where p = —1 yields two further backbone

curves, denoted S5t and S5°. They are characterised
by the phase differences,

S5T ¢ o — 3l =+7/2, S§57 | — 3| =—m/2.

A7)

equations to have real solutions such that the backbone
branches are physically realisable.

3 Hardening case
3.1 Backbone curves

When the nonlinear stiffness is positive, © > 0, the
solutions for Egs. 16a and 18a are complex. Therefore,
for the hardening case, the backbone branches § 4% and
§5% have no physical meaning and only S1, S2 and
S3 exist. This means that there is no nonlinear modal
interaction between the three backbone curves.

Figure 2 shows the backbones curves for the sys-
tem with the hardening nonlinearity where w,; = 1,
wny = 1.005, w,3 = 1.0015 and the system parame-
tersarem = 1,k = 1, k¥ = 0.01 and « = 0.05. All
panels show the backbone curves in the projection of
the response frequency against the displacement. The
panels in the first row show the amplitude of the fun-
damental components of the modal response, u1, us
and u3, and the second row shows the amplitude of the
fundamental response of the physical displacement of
mass 1 and 2, x; and x». Note that due to the system
symmetry the backbone curve plot of mass 3 will be
identical to that of mass 1 if it is shown. The S1, §2
and S3 branches are the single-mode backbone curves.
It can be seen that S1 is linear and S2 and S3 show the
characteristic shape of a hardening response.

3.2 Forced response

To show how the backbone curves can help facilitate the
interpretation of the modal interaction of the nonlinear
system, the forced response amplitude of three masses,
X1, X» and X3, in the frequency domain for the hard-
ening nonlinear system is shown in Fig. 3. To illustrate
the relationship, the corresponding backbone curves in
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Fig. 2 Backbone curves for the nonlinear oscillator with the
physical parameters m = 1, k = 1, ¥ = 0.01 and « = 0.05,
so the modal natural frequencies are w,; = 1, w,» = 1.005 and
wy3 = 1.015. The panels in the first row show the modal dis-

Fig. 2 are also shown. Here, a damping ratio ¢ =~ 0.001
is chosen for all modes and the external force ampli-
tude is [Py, P2, P3]7 = [3,—1, 117 x 1073, which
corresponds to the situation where all three modes are
excited at the same amplitude, i.e. [ Py,1, Pu2, P.ilT =
[1,1,117 x 1073, The forced response has been com-
puted from an initial steady state solution, found with
numerical integration in MATLAB, which is then con-
tinued in forcing frequency using the software AUTO-
07p [4].

From Fig. 3, it can be seen that the response curve
can be divided into three parts from left to right by two
minima,

— For the first resonance, the response curves of three
masses are similar to that of the linear oscillator and
are centred around S1.

— For the second resonance, the familiar shape of the
responses of a typical Duffing oscillator are fol-
lowing S2 and the jump phenomenon can be also
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1 1.005 1.01 1.015 1.02 1.025 1.03 1.035

1 1.005 1.01 1.015 1.02 1.025 1.03 1.035
Q

placement results, U;, and those of the second row represent the
backbone curve of the physical displacements of the mass 1 and
2, X and X,. The corresponding single-mode backbone curves
are labelled by S1, S2 and S3

observed on the right part of the curve for mass 1
and 3. Note that due to the special values of the lin-
ear modeshape of mode 2, i.e. {1, 0, —l}T, there is
no peak for the response of mass 2 in Fig. 3b within
this bandwidth.

— For the third resonance, in Fig. 3a, the curve around
S3 contains a loop where the upper trajectory is
unstable which occurs from the addition and sub-
traction of the modal contributions. In Fig. 3b, c,
the response of the typical Duffing oscillator can
be observed enveloping S3.

For the first part of the response, mode 1 or linear
mode, the resonant peak points are exactly on the lin-
ear backbone curve S1. For the other parts of the forced
response curves, the curves cross the backbone curves
S2 and S3 almost at the fold points. This is in line
with the results found for systems with a lower number
of degrees of freedom and shows how the backbone
curves provide a good estimation of the position and
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Fig. 3 Displacement 09F (a)
amplitude of the three 0.8l
masses when the system is

1.02 1.04 1.06 1.08 1.1 1.12

forced by the external force 07
[P, P, P3]= 0.6
3, —1, 11 x 1073, _05
corresponding to the modal x 04
force [Pu1, Pn2, Pm3l = '
[1, 1, 1] x 1073, with 0.3
system parameters m = 1, 0.2
k=1,k'=0.01,« = 0.05, 0.1
¢ =0.002 and ¢’ = 0. The '
blue solid lines and red % % 1
dashed lines represent the ’
stable and unstable
response, respectively. The
grey lines represent 09F (b)
backbone curves and the red 0.8
stars represent fold points. 07k
(Color figure online)
0.6
~ 051
X
04
0.3
0.2 |
0.1
0
0.98 1

1.02 1.04 1.06 1.08 1.1 1.12

the shape of resonant peaks in the frequency amplitude
plane.

4 Softening case

4.1 Backbone curves

For the softening case, © < 0, Egs. 16a and 18a have

real solutions. Therefore, the in-unison, S4*, and out-
of-unison, S5%, resonant backbone curves are physi-

cal. In Fig. 4, the backbone curves for the softening
case where w,; = 1, w2 = 1.005, w,3 = 1.015 and
k = —0.05 are shown. The first and second columns
show the backbone curves of the modal states, uj, us
and u3, and the physical displacements, x1, x> and x3,
respectively. As with the hardening case, the single-
mode backbone curves, S1, S2 and S3, for mass 1 and
3 are the same. However, the symmetry is broken as the
§4* comes with the position of $47 and S4~ swapped.
Here, the mixed-mode backbone curves $4* and §5%,
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where both mode 2 and 3 are activated, are of primary
interest.

In Fig. 4, as expected the branch S1 is still a straight
vertical line and S2 and S3 are curved, but with an
opposite bending direction compared with those of the
hardening system. Furthermore, it can be seen that
S4* emanate from branch S2 and S5+ bifurcate from
branch S3. This type of bifurcation phenomenon has
been previously studied in other systems, see for exam-
ple [3,9]. A significant difference from the previous
systems in the literature is that the S5% here is a ver-
tical straight backbone curve which means that, like
a linear mode, the resonant frequencies will not vary
with the response amplitude. Also the backbone curve
$5% has a finite length and it ends at S2, which implies
that the out-of-unison resonance only happens within
a certain amplitude range for this example.

4.2 Stability of the backbone curve

We now consider the stability of the backbone curves.
Here, only the stability analysis of the backbone branch
82 is given in detail due to the fact that both S4F and
§5% intersect with it, as shown in Fig. 4. Note that on
backbone curve S2 which is the solution of Eq. 12,
u3 is equal to zero. So the stability of S2 can be deter-
mined by considering the dynamics of #3 about its zero
solution (Note that u is not considered here due to its
independence of u; and u3). When the zero solution of
u3 is unstable, the S2 solution is also unstable.

Now, the unforced, undamped equation of mode 3,
Eq. 8c,is considered with setting ¢,;,3 = Oand Py,;3 = 0,
such that,

ii3 + whzus + 9
[2u2pu2mu3 + (u%pmm + ”%m”h))] =0. (19

As us3 is considered around its zero solution, the
u3pu3,u3 term is so small that it has been neglected.
The stability of the system is found by considering the
amplitude and phase of u3 to be a slowly varying func-
tions of time using the parameter ¢ to denote ’small-
ness’. A similar treatment can also be seen in [28].
Combined with u; = u;p + u;;,, we can write u3 as

U3p(8t) ejw’SI + U3 (et) e_'/w’3l.

Uz = uzp + Uz, = >

(20)
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Furthermore, the derivatives of u3 can be written as,

Us,(et) U t )
w3 = jw3 (%e./wrﬂ _ 3’”2(8 )e—jwr3t)

+8(Uw@0@mm4_um@neﬁwﬁ)
2 2 ’

1)
and
i3 = —wf3u3
+0(e?), (22)

where order &2 terms have been neglected. Substituting
the expression of i3 into Eq. 19 and then balancing the
coefficients of the e/®r3" and e~ /“r3' terms gives,

2 2
Usr = — w3 — @3\ Usp
3= w3 2
r

(23a)
o 2
' 2Us, Uz Usp + U2, U )
+ J8wr3( 2pU2nU3p + 2pY3m
and
Uz = j W}y = wn3 | Usm
" w3 2
(23b)
. 9u
- J 8wr3 (2U2pU2m Uz + U22m U3p) .

Now these equations can be expressed in the form,
Us = fy, Us, (24)

where U; = {U3), Usim}T and the Jacobian matrix is,

fu J
3 =
w3
o W=y g2
TUszzm - = ?UZp
2 2
9 2 9 0 —w
—FUs, — 4 U2pUpm + =252

So the stability of the zero solution of u3 can be assessed
by considering the eigenvalues of the matrix, fy;, about
the equilibrium solution U3z = 0. So, the eigenvalues,
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Fig.4 Backbone curves for the oscillator with the physical para-
meters k = 1, k' = 0.01 and « = —0.05, such that the modal
natural frequencies are w,] = 1, w,2 = 1.005 and w,3 = 1.015.
The panels in the first and second column show the modal and
physical displacement results, respectively. Stable solutions are
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shown with the solid lines, whereas unstable solutions are repre-
sented by the dashed lines. Bifurcation points are noted by B P;.
Note that due to the identical natural frequencies, the branches
§5% overlap with S1, so the S5% backbone curves are indicated
by the short cross lines for distinction
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A, are given by,

9 W — w? ? I 2
o (- BB () 2o

(25)

where U22 = U3 Uy has been used. From inspecting
the above equation, it can be seen that the values of A
can be only be either purely imaginary or real. When
all the eigenvalues, A, are purely imaginary the system
is marginally stable, while when A are real the system
is unstable. This implies that the bifurcation point on
the backbone curve occurs when both of the roots of
Eq. 25 are zero, such that,

o,
=|—=U
8 2

2 2
I U2 W3 — W3

LU= : (26)

Then using the expression for §2 given in Eq. 12 gives
the bifurcation points,

2 2
Yw;,, —

2 2
o _
BP, : 2% = . n3 &Ufz%, (27)
173

and

2 2
BP,: @F = 222~ ¥

(28)

These are the same points where S4% and S5% inter-
sect with S2, respectively. Note that since the linear
natural frequencies of the modes are similar, the res-
onant response of the second and third modes will be
at the same frequency. Hence, here, the relationship
wr3 = w2 = §2 has been used to simplify the equa-
tions.

Using the same approach, it can be also shown that
the parts of S2 below bifurcation point BP; and above
BP; are stable and the part between the two bifurcation
points is unstable.

The same method was also used to predict that on
S3 there is another bifurcation point,

2 2
BPy: 27— 3w, — o

@ Springer

which is the intersection point of 3 and S5%. Also the
stability condition of branch 3 is that the part below
BP; is stable and the section above is unstable. All these
bifurcation points are also shown in Fig. 4. Using bifur-
cation theory for Hamiltonian systems and comparing
with other similar systems in the published literature,
all the bifurcation points here are (Hamiltonian) pitch-
fork bifurcations [3,7,25].

4.3 Analysis of the forced response
4.3.1 Forced response

We now examine the relationship between the forced
response and the backbone curves for the softening
nonlinear case. From the backbone curve results, it
can be seen that the modal interactions occur for this
case. Therefore, a simple forced configuration where
only mode 2 is excited is chosen as two kinds of
interactions bifurcate from backbone curve S$2. For
this forcing configuration, three different force ampli-
tudes are chosen which are [Py1, Pun2, Pn3]l =
[0, 0.4, 0]x1073,[0, 0.9, 0]x 1073 and [0, 1.5, 0] x
1073 and the damping ratio is chosen to be { =
0.001.

Figure 5 shows the forced response results superim-
posed on the backbone curves for mass 1.

— For the small force amplitude situation, Fig. Sa,
there is only one response curve which is centred
around S2. This curve is the response of a typical
softening Duffing oscillator and only composed the
response of mode 2, u,. For this case, the force
is insufficient to trigger the modal interaction or
jump.

— For the medium force amplitude situation, Fig. 5b,
there are three response curves (1 blue and 2 green).
The two green curves following S4* bifurcate from
the single-mode response curve (blue one) at two
secondary bifurcation points, respectively, and they
are composed of the response of both mode 2, u»,
and mode 3, u3.

— For the large force amplitude situation, Fig. Sc,
there are two additional response curves (the black
ones) surrounding 5% which also bifurcates from
the single-mode response curve of mode 2. On these
two curves, both mode 2 and 3 are present as well.

From the results in Fig. 5, it can be noticed that for
the situation where only one nonlinear mode is directly
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Fig. 5 Displacement amplitude of the first mass when the
system is excited in only the second mode at three differ-
ent force amplitudes a [Py, Pn2, Pn3]l = [0, 0.4, 0] x
1073, b [Py, Pw2, Pu3l = [0, 0.9, 0] x 1073 and ¢
[Pui, Pm2, Puz] = [0, 1.5, 0] x 1073) with system para-
meters m = 1,k = 1, k' = 0.01, k = —0.05, ¢ = 0.002 and
¢’ = 0. The diamonds, stars and asterisks indicate secondary
bifurcation, torus bifurcation and fold points. The blue, green
and black solid lines and dashed lines represent the stable and
unstable displacement response, respectively. The grey lines rep-
resent the backbone curves. Note that as forcing is in the second
mode only, the backbone branches S1 and $3 have not been
plotted here. (Color figure online)

excited the magnitude of the force amplitude may affect
the occurrence of the modal interaction. More specifi-
cally, some critical values of the force amplitude must
be reached to result in the modal interaction. Fur-
thermore, the mixed-mode responses following the in-
unison backbone curves would be triggered prior to
those for the out-of-unison backbone curves when the
external force amplitude increases.

4.3.2 Discussion of the force amplitude for triggering
the modal interaction

Now, we consider at what forcing amplitude the modal
interaction is triggered for the single-mode excitation
situation. In Fig. 5b, c, it can be seen that the mixed-
mode response curves emanate from the single-mode
response curve at the secondary bifurcation points.
We infer from this that the modal interaction response
curves will appear from the single-mode response curve
when only one linear mode is forced [2,9]. So, the
existence of modal interaction is studied by looking
for bifurcation points on the single-mode response
curve. The theory used for detecting the secondary
bifurcation points is the same used for the stability
of backbone curves in Sect. 4.2. When the zero solu-
tion for the response of the unforced mode is sta-
ble (unstable), the single-mode response curve of the
other forced mode is also stable (unstable). As a result
the point of neutral stability is the secondary bifur-
cation point. The case where only mode 2 is forced
has been considered as an example here. Along the
response curve composed of only u» (blue curves in
Fig. 5), the modal coordinate u3 is zero, so we are
going to study the stability of the zero solution of
us [6].

Firstly, substituting trial solutions for u3, 113 and ii3,
Egs. 20, 21 and 22, into Eq. 8¢ with P,3 = 0 (as only
mode 2 is forced) and w,3 = £2 (as the fundamental
components of all modal responses of this system are
at the force frequency). Note that here an accuracy of
order ¢! is considered. As the damping is assumed to
be small which allows us to regard ¢; to be order el
so the second expression part of Eq. 21 can be ignored
after implying the damping coefficient. Then balancing
e/ and e=/%%, the equations of Uz = {Us, Usp}”
can be obtained as,

Us = Fy,Us (30)
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where
. 2
927“)33797“U2[)U2m*]2wn3{39 _9:“'U2p
282 8j2
Fy,=
9'“'U??m 22— ,2,37 97” Uzp U +j2wp35382
82 —2j8

Then the eigenvalues , A, for Fy, can be obtained from,
ar>+br+¢é=0, (31)

where

wn383 822,

and

&= (2% — w3)? —9ul; (2% — w?y)
243

+F §+ (2wn3§39)2-

Therefore, the stability of the zero solution, Uz = 0,
can be determined from the eigenvalues, A;,i = 1, 2.
The roots of Eq. 31 are given by,

—b 4 /(b2 — 44¢)
24 '

Al = (32)

For all parameter values in this example a and b are
positive. So when one of the eigenvalues is zero and
another is negative real, the system is neutrally stable.
Therefore, the bifurcation occurs when ¢ is zero, such
that,

243203 — 144(2% — w23)U3

33
+16 [(92 — w2+ (20),,3{39)2] =0. &9

Combining Eq. 33 with the equation for the single-
mode response curve for u; obtained by setting Uz = 0
in Eq. 8(b) expressed as below,

OuPUS + 24p(w2y — 2H U5
+16 [ (02 - 297 + Q062 | U = 162,
(34)
it allows us to find the position and number of their

intersection points. To ensure the solutions are physi-
cally reasonable, only the intersection points at U > 0

@ Springer

and §2 > 0 are considered. Those points are secondary
bifurcation points that can be used to predict the onset
of the modal interaction.

There are three possible cases:

(1) if there is zero or one intersection point, there will
be no modal interaction. Fig. 6a.

(2) if there are two or three intersection points, the
modal interaction response following the in-unison
backbone curves will exist. Fig. 6b.

(3) if there are four intersection points, both the modal
interaction response following the in-unison and
out-of-unison backbone curves will occur. Fig-
ure 6c.

Figure 6 shows the curves of Eqs. 33 (red) and 34
(green) with the same parameter values of the sys-
tem shown in Fig. 5, and their intersection points are
marked by red dots. To make a comparison, the cor-
responding response curves (black) in Fig. 5 are also
shown here. From Fig. 6, it can be seen that the single-
mode response curve results approximated using the
normal form technique and those calculated by AUTO
are in good agreement. In addition, the intersections of
Egs. 33 and 34 are very close to the secondary bifur-
cation points for every case. The results show that the
analytical method presented in this paper can be applied
to detect the occurrence of modal interaction and iden-
tify the position of bifurcation points.

Furthermore, when only mode 3 is excited, the same
analysis method can be applied to find the bifurcation
points at the single-mode response curve composed of
only u3. This leads to two equations below,

2187u2 U — 432(2% — w2y)U3

35
+16[(92—w52>2+(2wn2429)2] —o. ¥

and

65612US + 648)(w2y — 22)US
+16[ (@2 — 22 + Qomi )| U = 16P2,
(36)

Similarly, combining Eqs. 35 and 36 to find the posi-
tion and number of their intersection points, we can
predict the occurrence of modal interaction for the
only mode 3 forced situation. Figure 7 shows the
position relationship between these two curves of the
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Fig. 6 The curves of Egs. 33 (red) and 34 (green) for three
different magnitudes of force amplitude cases: a P,y = 0.4 x
1073,b Py =0.9x 1073 and ¢ Pz = 1.5 x 1073, The system
parameters are: w,2 = 1.005, w,3 = 1.015, 0 = —0.05,and ¢ =
0.001. The red dots mark the intersection points and the black
solid and dashed curves represent the stable and unstable force
response curves generated using AUTO. (Color figure online)

softening system for two force amplitude situations:
P,z = 0.5 x 1073 and P,,3 = 1.0 x 1073. The inter-
section points are marked by red dots. The correspond-
ing backbone curves §3 and S5 in Fig. 4 and response
curves computed by AUTO are also shown to make the
comparison.

For the two forced situations, there are zero inter-
section point, in Fig. 7a, and two intersection points,
in Fig. 7b, between curves of Eqgs. 35 and 36, respec-
tively. As expected, there is no mixed-mode response
in Fig. 7a. In Fig. 7b, it can be seen that the mixed-
mode response curves following S5 emanate from
the single-mode response curve from the intersection
points. In fact, as there is only one intersection point
between the backbone curve $3 and the curve of Eq. 36,
the single-mode response curve of u3, Eq. 35, can inter-
sect with the curve of Eq. 36 at two points at most in the
interesting frequency range. This means that only one
kind of mixed-mode resonant responses which is the
one following S5% shown in the results may bifurcate
from the single-mode response curve of u3 when the
linear mode 3 of the system is excited. This is also in
agreement with the expectation of the backbone curve
results that only the out-of-unison resonant backbone
curves S5 emanate from §3.

5 Conclusion

In this paper, we have considered the N — 1 modal inter-
actions that occur in a three-degree-freedom lumped
mass system. In particular we considered the poten-
tial modal interactions of the system by analysing the
backbone curves of the undamped, unforced system.
This is an important topic because in lightly damped
structures the dynamic behaviour is largely determined
by the properties of the underlying undamped dynamic
system.

First the undamped, unforced case was considered.
In particular the modal interaction case that occurs
when all the underlying linear modal frequencies are
close was examined (i.e. wy,1 : wp2 t w3 & 1:1:1).
In this case the first mode is linear because of the
symmetry of the system and the other two modes will
potentially interact with each other when the special
parameters are chosen. We showed how this system
can be analysed using a normal form transformation to
obtain the nonlinear backbone curves of the undamped,
unforced response. Following this, the response in the
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Fig. 7 The curves of Eq. 35 (red) and Eq. 36 (green) for two
different magnitudes of force amplitude cases: a Py3 = 0.5 X
1073 and b P,z = 1.0 x 1073, The system parameters are:
wp2 = 1.005, w,3 = 1.015, u = —0.05, and ¢ =~ 0.002. The red
dots mark the intersection points. The grey curves represent the
corresponding backbone curves $3 and S5F and black solid and
dashed curves represent the stable and unstable forced response
curves generated using AUTO. (Color figure online)

frequency domain of the corresponding lightly damped
and harmonically forced system was obtained using the
continuation software AUTO-07p. This results were
compared with the backbone curves to show its validity
for predicting the nonlinear resonant behaviour of the
system during N — 1 modal interactions.

Acknowledgments The authors would like to acknowledges
the support of the Engineering and Physical Sciences Research
Council. S.A.Nis supported by EPSRC Fellowship EP/K005375/1.
D.J.W is supported by EPSRC grant EP/K003836/2.

@ Springer

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unres-
tricted use, distribution, and reproduction in any medium, pro-
vided you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons license, and
indicate if changes were made.

References

1. Amabili, M.: Nonlinear Vibrations and Stability of Shells
and Plates, vol. 257. Cambridge University Press, Cam-
bridge (2008)

2. Arnol’d, V.I.: Geometrical methods in the theory of ordinary
differential equations. Springer, New York (1988)

3. Cammarano, A., Hill, T.L., Neild, S.A., Wagg, D.J.: Bifur-
cations of backbone curves for systems of coupled nonlin-
ear two mass oscillator. Nonlinear Dyn. 77(1-2), 311-320
(2014)

4. Doedel E.J., Champneys A.R., Fairgrieve T.F,
Kuznetsov Y.A, Dercole F.,, Oldeman B.E., Paffen-
roth R.C., Sandstede B., Wang X.J., Zhang C.: AUTO-07P:
continuation and bifurcation software for ordinary differ-
ential equations. Montreal, Canada: Concordia University.
http://cmvl.cs.concordia.ca (2008)

5. Gatti, G., Brennan, M.J., Kovacic, I.: On the interaction of
the responses at the resonance frequencies of a nonlinear two
degrees-of-freedom system. Phys. D: Nonlinear Phenomena
239(10), 591-599 (2010)

6. Gonzalez-Buelga, A., Neild, S., Wagg, D., Macdonald, J.:
Modal stability of inclined cables subjected to vertical sup-
port excitation. J. Sound Vib. 318(3), 565-579 (2008)

7. Guckenheimer, J., Holmes, P.: Nonlinear Oscillations,
Dynamical Systems, and Bifurcations of Vector Fields, vol.
42. Springer, Berlin (1983)

8. Haddow, A., Barr, A., Mook, D.: Theoretical and experimen-
tal study of modal interaction in a two-degree-of-freedom
structure. J. Sound Vib. 97(3), 451-473 (1984)

9. Hill, T., Cammarano, A., Neild, S., Wagg, D.: Out-of-unison
resonance in weakly nonlinear coupled oscillators. In: Pro-
ceedings of the Royal Society of London A: Mathemat-
ical, Physical and Engineering Sciences, vol. 471, paper.
20140659. The Royal Society (2015)

10. Hill, T., Cammarano, A., Neild, S., Wagg, D.: Interpreting
the forced responses of a two-degree-of-freedom nonlinear
oscillator using backbone curves. J. Sound Vib. 349, 276—
288 (2015)

11. Jézéquel, L., Lamarque, C.H.: Analysis of non-linear
dynamical systems by the normal form theory. J. Sound Vib.
149(3), 429-459 (1991)

12. Kerschen, G., Kowtko, J.J., McFarland, D.M., Bergman,
L.A., Vakakis, A.F.: Theoretical and experimental study of
multimodal targeted energy transfer in a system of coupled
oscillators. Nonlinear Dyn. 47(1-3), 285-309 (2007)

13. Kerschen, G., Peeters, M., Golinval, J.C., Vakakis, A.F.:
Nonlinear normal modes, part i: a useful framework for the
structural dynamicist. Mech. Syst. Signal Process. 23(1),
170-194 (2009)


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://cmvl.cs.concordia.ca

N — 1 modal interactions of a three-degree-of-freedom system

511

14.

15.

16.

17.

18.

20.

21.

22.

Lamarque, C.H., Touzé, C., Thomas, O.: An upper bound
for validity limits of asymptotic analytical approaches based
on normal form theory. Nonlinear Dyn. 70(3), 1931-1949
(2012)

Lewandowski, R.: On beams membranes and plates vibra-
tion backbone curves in cases of internal resonance. Mec-
canica 31(3), 323-346 (1996)

Nayfeh, A.H.: Nonlinear Interactions. Wiley, Hoboken
(2000)

Nayfeh, A.H., Balachandran, B.: Modal interactions in
dynamical and structural systems. Appl. Mech. Rev.
42(11S), S175-S201 (1989)

Nayfeh, A.H., Mook, D.T.: Nonlinear Oscillations. Wiley,
Hoboken (2008)

. Nayfeh, A.H., Pai, PF.: Linear and Nonlinear Structural

Mechanics. Wiley, Hoboken (2008)

Neild, S., Wagg, D.: A generalized frequency detuning
method for multidegree-of-freedom oscillators with nonlin-
ear stiffness. Nonlinear Dyn. 73(1-2), 649-663 (2013)
Neild, S.A., Wagg, D.J.: Applying the method of normal
forms to second-order nonlinear vibration problems. Proc.
R. Soc A: Math., Phys. Eng. Sci. 467(2128), 1141-1163
(2011)

Pierre, C., Jiang, D., Shaw, S.: Nonlinear normal modes and
their application in structural dynamics. Math. Probl. Eng.
2006, 1-15 (2006)

23.

24.

25.

26.

217.

28.

29.

Rand, R.H.: Nonlinear normal modes in two-degree-of-
freedom systems. J. Appl. Mech. 38(2), 561-561 (1971)
Rega, G., Lacarbonara, W., Nayfeh, A., Chin, C.: Multiple
resonances in suspended cables: direct versus reduced-order
models. Int. J. Non-Linear Mech. 34(5), 901-924 (1999)
Thompson, J.M.T., Stewart, H.B.: Nonlinear Dynamics and
Chaos. Wiley, Hoboken (2002)

Touzé, C., Amabili, M.: Nonlinear normal modes for
damped geometrically nonlinear systems: application to
reduced-order modelling of harmonically forced structures.
J. Sound Vib. 298(4), 958-981 (2006)

Touzé, C., Thomas, O., Chaigne, A.: Asymmetric non-linear
forced vibrations of free-edge circular plates. part 1: theory.
J. Sound Vib. 258(4), 649-676 (2002)

Wagg, D., Neild, S.: Nonlinear Vibration with Control: for
Flexible and Adaptive Structures, vol. 218. Springer, Berlin
(2014)

Xin, Z., Neild, S., Wagg, D., Zuo, Z.: Resonant response
functions for nonlinear oscillators with polynomial type
nonlinearities. J. Sound Vib. 332(7), 1777-1788 (2013)

@ Springer



	N-1 modal interactions of a three-degree-of-freedom system with cubic elastic nonlinearities
	Abstract
	1 Introduction
	2 System description and analytical method application
	3 Hardening case
	3.1 Backbone curves
	3.2 Forced response

	4 Softening case
	4.1 Backbone curves
	4.2 Stability of the backbone curve
	4.3 Analysis of the forced response
	4.3.1 Forced response
	4.3.2 Discussion of the force amplitude for triggering the modal interaction


	5 Conclusion
	Acknowledgments
	References




